INTRODUCTION
The response of phytoplankton to the highly variable conditions encountered in near-shore coastal waters such as those of the North Sea is not well understood. In the estuaries and near-shore waters of the northeast UK North Sea, levels of important phytoplankton nutrients such as nitrogen and phosphorus are often high, whilst turbidity is extremely variable (Holligan et al. 1989 , NERC 1992 . Low levels of light penetration into the water column in turbid estuaries do not necessarily preclude the occurrence of appreciable rates of photosynthesis (Joint & Pomroy 1981 , Fichez et al. 1992 . If photosynthesis can take place at appreciable rates within the highly turbid water of the Humber estuary and its plume (Morris 1988 , NRA 1993 , then the high concentrations of nitrogen and phosphorus in these same waters (Morris 1988 , NERC 1992 , NRA 1993 may be sufficient to support high levels of phytoplankton biomass. In contrast, surface waters in other re-ABSTRACT: Chlorophyll-specific photosynthesis-irradiance (P-E) parameters of natural phytoplankton in the near-shore UK coastal waters of the North Sea were determined during six 2 wk surveys carried out from 1993 to 1995. The initial slope of the P-E curve (α max determined during October 1994 were significantly higher than in other survey periods. Although phytoplankton cell biomass was significantly higher during the June 1995 survey (due to high abundance of Phaeocystis spp. at some sites) than in October or winter surveys, the October peak in P-E parameters coincided with a period in which dinoflagellates accounted for a high proportion of phytoplankton carbon biomass. Multiple linear regression analysis revealed that α B could be predicted from the total photosynthetically available radiation (PAR) incident at the surface during the daylight period, whilst P B max could be predicted from a linear combination of total incident PAR and sea-surface temperature. Temporal variations of α B and P B max did not result in significant temporal variation of the light-saturation onset parameter (E k ) and the overall mean value of E k was 176 ± 6 µmol photons m -2 s -1
. The high turbidity of nearshore surface waters of the western North Sea appears to restrict penetration of irradiance to the extent that phytoplankton are not exposed to PAR levels at which photoadaptation of their photosynthetic apparatus is induced.
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Resale or republication not permitted without written consent of the publisher gions within UK North Sea coastal waters have relatively low concentrations of suspended particulate material (Holligan et al. 1989) , allowing deeper penetration of light. Under such conditions, the higher availability of light can potentially lead to high rates of photosynthetic production, but only if available nutrients are sufficient to support the synthesis of new phytoplankton biomass. Concentrations of available nitrogen and phosphorus in the UK coastal regions of the North Sea tend to be lower in waters of low turbidity than waters of high turbidity (Brockmann et al. 1990 , NERC 1992 ) and may therefore not be sufficient to support high rates of phytoplankton growth. In particular, the dilution of nutrient-rich and turbid estuarine discharge by clearer coastal waters with lower nutrient concentrations generates steep and opposing gradients of light and nutrient availability within the plume of the Humber estuary.
High rates of phytoplankton growth in near-shore marine environments may be associated with blooms of 'nuisance' phytoplankton (Joint & Pomroy 1981 , Reid et al. 1990 . If the occurrence of such blooms is to be predicted, it is important that the response of phytoplankton growth to changes in the physical and chemical conditions (e.g. irradiance, turbidity and nutrient availability) is understood, particularly in coastal waters in which conditions are highly variable. It should also be considered that the quantities of dissolved nutrients available to phytoplankton in more offshore regions can be reduced as a result of phytoplankton nutrient assimilation in estuaries and near-shore coastal waters (Sanders et al. 1997a ,b, Shaw et al. 1998a . Distributions of phytoplankton biomass and production in the western North Sea are known to be extremely heterogeneous and tend to be observed in discrete and mobile patches (Horwood 1978 , 1982 , Horwood et al. 1982 , Holligan et al. 1989 , Joint & Pomroy 1993 . Given the variability of factors such as light and nutrient availability in the near-shore UK coastal waters of the North Sea and their importance for phytoplankton, it is likely that phytoplankton photosynthesis in this region is controlled by environmental variables.
Considerable research effort has been devoted to quantifying the relationship between phytoplankton photosynthesis and growth with light (e.g. Prézelin & Matlick 1980 , Gilstad et al. 1993 ) and nutrients (e.g. Cullen et al. 1992) . Differences in the responses of phytoplankton to environmental variables have been identified, but largely under controlled laboratory conditions and with cultures of single phytoplankton species (e.g. Falkowski et al. 1985 , Langdon 1988 , Cullen et al. 1992 . Survey-based studies of European seas have focused on areal production rates (e.g. Gieskes & Kraay 1984 , Joint & Pomroy 1993 , Gowen & Bloomfield 1996 , Tillmann et al. 2000 rather than the environmental variables which control or limit the photosynthetic activity of natural phytoplankton assemblages, as has been shown in other coastal waters (e.g. Harrison & Platt 1980 , Côté & Platt 1983 .
The aim of this study was to determine the variability of photosynthesis-irradiance (P-E) relationships of natural phytoplankton assemblages sampled throughout UK near-shore North Sea coastal waters over different seasons and to identify the environmental variables causing the temporal variations of P-E parameters.
METHODS
Survey cruises of 2 wk duration were conducted during November and December 1993, October 1994 and April, June and July 1995. Experiments to determine primary production were carried out daily at locations within a narrow coastal strip (30 km wide) encompassing near-shore coastal waters of the North Sea from the Scottish border to East Anglia (Fig. 1) . Samples for production experiments were collected from a depth of 5 m using Go-Flo or Niskin bottles with Teflon-coated springs mounted on a CTD rosette. Concentrations of dissolved nutrients were determined spectrophotometrically. Phosphate, ammonium, nitrate and urea were determined in discrete samples collected directly from the CTD sampling rosette. Dissolved phosphate concentrations were measured using the molybdate and ascorbic acid method (Parsons et al. 1984) . Ammonium concentrations were determined by the sodium nitrocyanoferrate and phenol method (Parsons et al. 1984) . Concentrations of urea were determined using the diacetylmonoxime and thiosemicarbazide method (Mulvenna & Savidge 1992) . Nitrate was determined by shipboard autoanalyser (Skalar) using a sulphanilamide and N-(l-naphthyl)-ethylenediamine method (Parsons et al. 1984) .
Measurements of surface water temperature, salinity and attenuation were made using instrumentation mounted on the Ship's CTD rosette (Neil Brown Instruments). Attenuation was measured at 660 nm using a transmissometer with a path length of 10 cm (Neil Brown Instruments). Surface incident photosynthetically available radiation (PAR) was continually measured with a shipboard sensor (4π), and the position of the ship was recorded by GPS navigation equipment.
Chlorophyll a (chl a) was measured on water samples filtered through 0.2 µm pore size polycarbonate membrane filters (Millipore). The filters were stored frozen and then subsequently extracted in 90% acetone; the fluorescence was measured using a Turner Designs Model 10 fluorometer before and after addition of 2 drops of 10% HCl (Lorenzen 1966) . The fluorometer was calibrated with a pure chl a standard solution (Sigma), the concentration of which was determined spectrophotometrically (Parsons et al. 1984) . Replicate samples of 100 ml seawater were preserved with either Lugol's iodine or buffered 4% formalin (Parsons et al. 1984 ) and returned to the laboratory for inverted microscope analysis. Sub-samples (10 to 25 ml) were placed in sedimentation chambers and left to settle for at least 24 h prior to enumeration and identification of cells. Counts for individual species were converted to volume from measurements of cells (Kovala & Larrance 1966) and then to cell carbon using the cell volume/carbon relationships given by Eppley et al. (1970) as described by Holligan et al. (1984) . Cell carbon estimates of the individual species identified were subsequently grouped to enable quantification of the contributions of major groups (diatoms, flagellates, dinoflagellates, coccolithophores, ciliates or heterotrophic dinoflagellates) to total cell carbon.
Primary production measurements were made at 1 location d -1 (Fig. 1 ) using the on-deck simulated in situ incubation system of Joint & Pomroy (1993) or an adaptation of this system. The adapted system consisted of 6 shallow plastic boxes secured to an unshaded area of the ship's deck. Surface seawater was pumped through the incubator boxes to maintain them at ambient sea-surface temperature. Each of 5 boxes was covered with a Perspex sheet enclosing a neutral filter of different density. The sixth box was left uncovered to give a series of boxes with a range of light transmissions at 100, 60, 30, 16, 3 and 0.3% of ambient light. The original system of Joint & Pomroy (1993) consisted of Perspex tubes with neutral density filters giving 97, 75, 36, 21, 6 and 1% of ambient light with surface seawater pumped through to maintain surface seawater temperature.
For each production experiment, a sample was taken 1 h before dawn from a depth of 5 m. Aliquots of 60 ml were transferred to 60 ml polycarbonate bottles and inoculated with 185 kBq NaH 14 CO 3 (Amersham International). Three bottles were placed in each of the on-deck incubation units, and 3 further bottles were placed in a temperature-controlled light-proof box. The samples were incubated from dawn to dusk and then transferred to a dark container (again maintained at sea-surface temperature) for the hours of darkness. After a 24 h light/dark incubation, each sample was filtered (0.2 µm pore size polycarbonate membrane, Millipore), rinsed with 15 ml of filtered seawater and transferred to a plastic scintillation vial. The activity of the 14 C added to each of the incubated samples was determined by pipetting separate 60 µl aliquots of the NaH 14 CO 3 solution to each of 3 plastic scintillation vials to which 60 µl of ethyl ethylamine was added as a trapping agent. A 4 ml aliquot of scintillation fluor was added (Optiphase HiSafe: Wallac) to each vial and the 14 C content of the filter retentate determined using a liquid scintillation counter (Wallac 1411) calibrated using an external standard, channels ratio method.
Parameters describing the relationship between photosynthesis (P) and irradiance (E) were determined by fitting experimentally derived production rates to the equation of Webb et al. (1974) by means of an iterative non-linear regression programme (SigmaPlot: Jandel Scientific). Although numerous mathematical models of the P-E curve have been developed (Jassby & Platt 1976 ), there appears to be little advantage in selecting any particular model (Lederman & Tett 1981 ) unless inhibition of production occurs at higher levels of irradiance. Pronounced photoinhibition of production at higher levels of PAR was not evident in any of the experiments, and the equation of Webb et al. (1974) was appropriate to model the P-E curves derived. The slope of the initial part of the P-E curve is denoted α and indicates the efficiency with which incident light energy is converted into photosynthetic production by the phytoplankton community. The maximum photosynthetic carbon production rate attained (P max ) indicates the light-saturated photosynthetic rate.
Irradiance for each of the separate incubator boxes was taken as the mean of PAR recorded during the daylight part of the incubation period and scaled according to the light transmission of the neutral density filters placed over each box. Values of P determined during in situ incubations using the 14 C technique were not corrected for dark uptake, but 14 C uptake rates at all 7 PAR levels (dark to 97 or 100% incident PAR) were used to determine values of α and P max . Derived P-E parameters were normalized to phytoplankton biomass to enable direct comparison of photosynthetic rates. Values of α and P max normalized to chl a are denoted by α B and P B max , respectively.
RESULTS

Temporal variation of photosynthetic parameters
Variation of photosynthetic parameters on a temporal basis was investigated by comparing mean α B and P B max values. Mean chl a-normalized photosynthetic parameters were higher during October 1994 than in other surveys ( Fig. 2A,B) . Values of α B were not normally distributed and statistical comparison (KruskalWallis 1-way ANOVA on ranks) indicated statistically significant differences between median α B values for the different surveys. Pairwise multiple comparison (Dunn's method) isolated only 2 pairs of surveys (October 1994 and April 1995; October 1994 and June 1995) as significantly different at the p < 0.05 level. Values of P B max for each survey were normally distributed and statistical comparison (1-way ANOVA) indicated significant differences between the survey means. Surface incident irradiance levels during December 1993 were insufficient for photosynthesis to reach an asymptote in all except 1 of the 6 incubation experiments conducted. The curve-fitting procedure used thus produced only 1 reliable estimate of P B max and 1 corresponding value of the light-saturation onset parameter (E k ) for December 1993 (Fig. 2) . Isolation of the surveys which differed in terms of mean P P-E curves generated from 14 C production measurements were also quantified by calculation of E k as the ratio of P max to α (Talling 1957) . Mean values of E k during the surveys conducted in June 1994 and November 1993 were relatively high compared to other months, and the standard error of the means indicated that E k was more variable during these periods (Fig. 2C ). Values of E k for surveys were not normally distributed, and although statistical comparison (Kruskal-Wallis 1-way ANOVA on ranks) indicated significant differences in the median values of E k , pairwise multiple comparison (Dunn's method) did not indicate any survey to be significantly different to another.
Temporal variation of phytoplankton biomass and community composition
Temporal changes in phytoplankton were considered by comparing mean cellular carbon biomass and community composition for each survey together with chl a ) and particularly low during the winter surveys (< 0.2 mg m -3 ). Cell carbon concentrations also indicated relatively high biomass during June 1995 (Fig. 3B,C) . Variations of phytoplankton carbon (Fig. 3C ) between surveys followed a similar seasonal pattern to chl a (Fig. 3A) .
Variations of phytoplankton carbon biomass and chl a between surveys were analysed using ANOVA and pairwise multiple comparison tests (1-way ANOVA and Tukey tests for normally distributed data; KruskalWallis 1-way ANOVA and Dunn's method for data not normally distributed). Median chl a concentration in summer surveys (June and July 1995) was significantly different to median values observed during October 1994 and November and December 1993 (Table 1) . A significant difference between median chl a concentration in April 1995 and December 1993 was also identified (Table 1) . Despite the apparent marked difference in chl a concentration, total cell carbon and photoautotrophic cell carbon between June and July 1995 (Fig. 3A-C) , differences in median values were not significant (Table 1) .
Mean ratios of chl a to photoautotrophic cell carbon were similar throughout most of the surveys, but were markedly higher during the survey in April 1995 (Fig. 3D ). Mean ratios of heterotrophic cell carbon to total cell carbon varied little between most surveys, with heterotrophic species accounting for 11 to 16% of the total cell carbon in April and June 1995, October 1994 and November 1993 (Fig. 3E) . In July 1995, photoautotrophic phytoplankton species accounted for only 66% of total cell carbon (Fig. 3E ) due to heterotrophic species comprising a major fraction of the total cell carbon (71 to 76%) in 3 of the 11 production experiments conducted.
When tested statistically using ANOVA and pairwise multiple comparison procedures, the median ratio of chl a to photoautotrophic cell carbon was significantly different between the April 1995 survey and the June 1995 and October 1994 surveys (Table 1) . A significant difference of the mean proportion of photoautotrophic cell carbon was identified only between April and July 1995 (Table 1) .
The composition of the phytoplankton was first considered in terms of the mean proportion of the total biomass accounted for by major groups (Fig. 4) . Diatoms were present at appreciable levels (i.e. >10% of total cell carbon) in all surveys, whilst the mean proportion of dinoflagellates varied markedly between surveys, reaching a maximum in October (Fig. 4) . Flagellate biomass was higher than for other major groups during all survey periods except October, but accounted for a relatively small proportion (< 30%) of the total plankton biomass in July 1995 (Fig. 4) . Heterotrophs (ciliates and heterotrophic dinoflagellates) comprised a smaller proportion of the total cell biomass than the photoautotrophic phytoplankton (Fig. 4) . Coccolithophores and other groups accounted for negligible proportions (<1%) of the total phytoplankton biomass during all survey periods. The dominant groups and individual species of phytoplankton enumerated in experimental samples collected during the spring and summer surveys in 1995 and autumn 1994 are shown in Table 2 . Phytoplankton samples were not enumerated from the majority of experimental stations during November and December 1993 surveys; however, a number of additional surface samples were counted during the November survey. These samples indicated that in most areas of the survey region, flagellates formed a high proportion of the photoautotrophic carbon (30 to 80%) in November, with diatoms and dinoflagellates accounting for 10 to 40% of the phytoplankton carbon. Few individual species of diatoms or dinoflagellates represented >10% of total phytoplankton biomass at any of the stations sampled in November. In April, prior to the spring bloom, phytoplankton biomass was low (<10 mg m -3 cellular carbon) in comparison to other months (Fig. 3B) . Diatoms represented >10% of phytoplankton carbon at 7 of the 9 stations counted, with dominant species being Coscinodiscus concinnus (2 stations), Pleurosigma sp. (3 stations) and Thalassiosira cf. rotula (1 station) ( Table 2 ). In April, dinoflagellates were absent or present in very low abundance (< 5% of phytoplankton carbon) at all stations, whereas flagellates represented between 20 and 90% of the total phytoplankton biomass at all 9 stations counted. In early June all experimental samples were within the region south of Flamborough Head (Fig. 1) . One additional surface sample collected offshore of Berwick-upon-Tweed was counted and revealed > 75% of the phytoplankton biomass to be dominated by diatoms (mainly Leptocylindricus minimum), although the total phytoplankton carbon biomass was low (14 mg m ) but were dominated by diatoms, notably Asterionella glacialis and Lauderia annulata (Table 2 ). These stations also had a high proportion of heterotrophic carbon (14 to 37%) and a high proportion of flagellates, although these were not Phaeocystis cells. This observation was in contrast to the 4 stations to the southeast of the 88 Table 1 . Summary of statistical differences between phytoplankton biomass measures and ratios. Variables for which differences between means or medians were significant (p < 0.05) are shown as follows. Upper diagonal: Chlorophyll median (Chl), median total cell carbon (C T ), median photoautotrophic cell carbon (C PH ). Lower diagonal: median ratio of chl a to photoautotrophic cell carbon (Chl:C PH ), mean photoautotrophic cell carbon as a proportion of total cell carbon (C PH %) ) and similarly cell carbon concentrations (ca 350 mg m -3 ) were elevated. At all stations sampled in June, dinoflagellates formed a very small proportion of the total photoautotrophic carbon.
In early July, the 5 stations sampled northwest of the Humber mouth had high numbers of dinoflagellates, including Ceratium lineatum, Ceratium tripos, Dinophysis acuminata and Katodinium rotundatum (Table 2) and represented > 45% of the photoautotrophic carbon. At stations south of the Humber plume, diatoms were more abundant and each of the following species represented >10% of the photoautotrophic carbon: Asterionella glacialis (1 station), Coscinodiscus concinnus (1 station), Leptocylindricus danicus (1 station), Rhizosolenia delicatula (2 stations) and Rhizosolenia alata (1 station). Flagellates were generally present at high proportions closer to the Humber mouth. At one station, east of Flamborough Head, coccolithophores contributed >10% to phytoplankton carbon, with Syracosphaera sp. and Emiliania huxleyi being most abundant. At 9 of the 11 stations sampled, heterotrophic carbon represented >10% of total carbon and at 3 more northerly near-shore stations this proportion increased to > 70%.
During the autumn survey in October 1994, although 6 of the 8 stations sampled had >10% diatom carbon as a proportion of phytoplankton carbon, no single species dominated at any station. Chl a (< 0.6 mg m -3
) and phytoplankton carbon levels (< 35 mg m -3 ) were low during this survey. However, dinoflagellates were present at 7 out of the 8 stations at >10% of phytoplankton carbon and accounted for > 50% of phytoplankton carbon at 4 stations, with dominant species being Ceratium furca, Ceratium lineatum and Dinophysis acuta ( Table 2 ). Flagellate carbon was variable (15 to 80%) at the different stations during October, but Phaeocystis cells were not present in any of the samples counted.
Relationships of photosynthetic parameters with environmental variables
Relationships of photosynthetic parameters with environmental variables were quantified using multiple linear regression analysis. A forward selection procedure (Kleinbaum et al. 1998) was adopted in which correlation tests (Pearson product moment) were first conducted to determine the environmental variable most highly correlated (i.e. highest r) with each photosynthetic parameter (Table 3 ). The statistical significance (p value) of the most highly correlated variable as a predictor of each photosynthetic parameter was then 89 (Kleinbaum et al. 1998 ). Experimental data were included in this process only when a full set of photosynthetic parameters and environmental variables (Table 3) were available.
Both mean daylight incident PAR and total incident PAR were significantly correlated with α B and P B max (Table 3) . However, co-linearity of mean PAR and total PAR was observed: total incident PAR was selected as the measure of PAR for consideration as a predictor of α B and P B max due to its higher correlation coefficient (Table 3) . Multiple linear regression analysis identified that only total incident PAR contributed significantly to predicting the initial slope of the P-E curve (α B ); no other environmental variables contributed significantly in this respect (Table 4) . P B max could also be predicted from the total incident PAR, but inclusion of seasurface temperature in the linear model gave a higher level of explained variance (r 2 = 57%) and a lower standard error (Table 4) . Although the concentration of urea was also significantly correlated with α B and P B max (Table 3) , this variable did not contribute significantly to the prediction of α B or P B max when included in linear models (Table 4 ). E k was not significantly correlated with any of the environmental variables considered but was most strongly correlated to ammonium concentration (Table 3) . Ammonium was not, however, found to be a significant predictor of E k when assessed by multiple linear regression.
DISCUSSION
The mean chl a concentrations measured during the survey periods (Fig. 3) are comparable to those of previous reports for similar times of year. Chl a concentrations of less than 1 mg m -3 have previously been observed in UK North Sea coastal waters throughout winter and early spring, rising to 1-2 mg m -3 during autumn and > 2 mg m -3 during late spring to early summer (Horwood 1978 , 1982 , Joint & Pomroy 1993 .
Localized chl a patches in excess of 4 mg m -3 have also been observed adjacent to the estuaries of the Tees and Humber, the north Norfolk coast and Flamborough Head. These previous studies also showed evidence that chl a concentrations and production rates are high during late April, May and early June in these coastal waters. The results presented here from the first 2 wk of April 1995 do not indicate a clearly defined 'spring bloom' of phytoplankton, although diatoms were dominant particularly at more northerly stations and the high chl a:phytoplankton cell carbon in April (Fig. 3D) suggests the population was actively growing. Additional data collected in this region during mid-to late April (authors' unpubl. data) revealed chl a concentrations up to 30 mg m -3 in surface waters to the north of 54°N, indicative of the diatom spring bloom, whereas below 54°N chl a concentrations were < 2 mg m -3 . These values are much higher than those detected by Joint & Pomroy (1993) for this region, but it is likely that the peak of the spring bloom in 1989 occurred in mid-to late April, between their surveys. By early May, chl a concentrations north of 54°N had decreased again to mostly < 2 mg m -3 , whereas south of 54°N values up to 50 mg m -3 were recorded (authors' unpubl. data), suggesting that growth of the spring bloom advances down the coast from north to south. In June 1995 chl a values were elevated in the outer Humber plume due to the presence of Phaeocystis spp. (Table 2 ). This organism is well known to produce extensive blooms in the eastern and southern parts of the North Sea in May (Lancelot et al. 1991 , Joint & Pomroy 1993 ) but was not reported by Horwood (1982) as a major component of the phytoplankton in UK North Sea coastal waters. In July, chl a concentrations were low throughout the region, although at a station within The Wash, levels were elevated where Rhizosolenia delicatula dominated.
There have been few previous studies of seasonal changes in phytoplankton species abundance in UK coastal waters of the western North Sea. Horwood et al. (1982) found that the natural phytoplankton assemblages of this region were largely dominated by either diatoms or dinoflagellates during surveys in February to October 1976 and that dinoflagellates were most abundant during mid-summer (June/July) and autumn (September/October). The results from the current study broadly agree with their observations, although some differences in the dominant species of diatoms between the 2 studies exist. The method of collection of phytoplankton used by Horwood et al. (1982) (nylon filtering net with mesh aperture of 35 µm) would not have concentrated small flagellate species. Mills et al. (1994) included some phytoplankton data collected during spring surveys in 1989 from 2 stations: CS (55°30' N, 0°55' E) to the east of the northern sector of the current survey region and AB (52°42' N, 2°25' E) off the east coast of East Anglia, slightly to the south of the current survey region. Novarino et al. (1997) reported the presence or absence of dominant flagellates and dinoflagellates from a number of stations sampled throughout the North Sea but only one (Stn DF east of the Tees estuary) was within the region sampled as part of the current study. The dominant dinoflagellate species reported by Novarino et al. (1997) and Mills et al. (1994) are generally in agreement with Horwood et al. (1982) and results from the current study. The results of this study show that small flagellate species including Phaeocystis are also an important component of the phytoplankton in near-shore coastal waters of the western North Sea (Fig. 4) .
This study has shown that chl a-normalized photosynthetic parameters were not significantly different in the near-shore UK coastal waters of the North Sea throughout most of the survey periods, but differed only during the October 1994 survey. Ranges of α B and P B max measured during surveys from November 1993 to July 1995 compare closely to those previously reported for other regions of the North Sea (e.g. Tillmann et al. 2000) and fall within the ranges reported for a number of coastal environments (Keller 1988 ). Studies of P-E parameters of phytoplankton in nearshore coastal waters have identified that α B tends to vary little on a seasonal basis in the northern Irish Sea (Gowen & Bloomfield 1996) or the North Friesian Wadden Sea (Tillmann et al. 2000) . Marked seasonal variations of α B have, however, been reported for the Bedford Basin, Nova Scotia, by Côté & Platt (1983) . With regard to P B max , the general lack of a marked seasonal variability observed in the present study corresponds closely to observations of Gowen & Bloomfield (1996) in the northern Irish Sea. In contrast, marked seasonality of P B max has been noted for phytoplankton in the Bedford Basin (Harrison & Platt 1980 , Côté & Platt 1983 and in the North Friesian Wadden Sea (Tillmann et al. 2000) . E k showed no consistent seasonal pattern, with a mean value of 176 ± 6 µmol photons m -2 s -1 . This mean is lower than the mean seasonal value reported by Tillmann et al. (2000) of 216 µmol photons m -2 s -1 but within the range reported for other coastal phytoplankton populations (Pennock & Sharp 1986) .
It should be noted, however, that Côté & Platt's (1983) conclusions were based on daily measurements of P-E parameters rather than the less frequent surveys of the present study or, for example, that of Gowen & Bloomfield (1996) . We suggest that the lack of seasonal variability of α B and P B max between the different survey periods observed in the present study and others (e.g. Gowen & Bloomfield 1996) may be due in part to the relatively low number of incubation experiments which can be conducted during survey cruises: more frequent and numerous experiments would provide more extensive data which may identify a statistically significant seasonal signal in P-E parameters, such as has been observed for α B (Côté & Platt 1983) and P B max (Côté & Platt 1983 , Tillmann et al. 2000 when a more frequent sampling programme was employed.
Laboratory culture experiments have identified several environmental factors (e.g. temperature, nutrient availability and irradiance) which lead to variation in phytoplankton photosynthetic activity and may explain the temporal variations of α B and P B max observed in the natural environment. Field studies have also shown that temporal variations in α B and P B max are influenced by temporal variations in phytoplankton community structure (Harrison & Platt 1980 , Côté & Platt 1983 , Tillmann et al. 2000 . The relationship between the photosynthetic activity of phytoplankton and available light may be due to specific characteristics of different species or groups. The optical absorption cross-section of photosynthetic apparatus, for example, varies between species (Falkowski et al. 1985) and determines P B max (Sakshaug et al. 1997) . The efficiency with which absorbed light energy is converted into photosynthetic carbon is also an important factor which underpins the relationship between phytoplankton activity and irradiance (Langdon 1988) and which may vary between species.
In the present study, flagellates comprised a major part of the total cell biomass in April and June 1995, and November 1993 (Fig. 4) , during which similar mean values of α B and P B max were observed (Fig. 2) . This apparent consistency of α B and P B max may be attributable to similarities in the photosynthetic apparatus and quantum efficiency of flagellates during the different survey periods. Although total cell carbon during July 1995 differed in comparison to other survey periods in that diatoms, flagellates, dinoflagellates, ciliates and heterotrophic dinoflagellates were present in similar proportions (Fig. 4) , this shift in the phytoplankton community structure did not result in significant differences in mean values of α B and P B max when compared to those observed during the April, June, November and December surveys (Fig. 2) . Observed values of α B and P B max , however, represent the combined P-E response of the autotrophic phytoplankton community. Differences between the P-E characteristics of different groups or species do not necessarily combine with changes in the community structure in such a way as to change the overall aggregate P-E characteristics of a mixed natural phytoplankton assemblage.
The significantly higher α B and P B max values observed during October 1994 (Fig. 2) coincide with a shift towards relatively high contributions of dinoflagellates to total cell carbon (Fig. 4) . Multiple regression and correlation tests carried out on results from all incubation experiments showed that cell carbon concentrations of major phytoplankton groups were not significantly correlated with either α B or P B max (Table 3 ) and did not contribute to the prediction of P-E parameters (Table 4) . Although multiple linear regression analysis ( (Fig. 2) may be attributable to interspecific differences between the P-E characteristics of dinoflagellates and other major phytoplankton groups. Côté & Platt (1983) showed values of α B for Bedford Basin phytoplankton were lower when dinoflagellates were dominant than when green flagellates or Dinobryon sp. were more abundant; the present study shows higher P-E parameters during periods in which dinoflagellates comprise a high proportion of phytoplankton. The results of the present study and those of Côté & Platt (1983) indicate that the P-E characteristics of natural phytoplankton communities can be modified when dinoflagellates account for a major part of the phytoplankton biomass, although values of α B may be either higher or lower than when other groups dominate phytoplankton biomass.
Multiple regression analysis showed that α B could be predicted on the basis of total incident PAR, whilst P B max could be predicted by a linear combination of total incident PAR and sea-surface temperature (Table 4) . These regressions do not, however, offer a particularly good means of predicting α B and P B max since the linear models derived explained only 43 and 57% of the variation in α B and P B max , respectively (Table 4 ). The negative relationship of α B and P B max with total incident PAR (Tables 3 & 4) contrasts with the generally accepted paradigm that P B max decreases as phytoplankton become adapted to lower light levels (e.g. Falkowski 1980 ). The positive relationship of P B max with temperature corresponds to the role of temperature-dependent enzymatic processes controlling P max in microalgae (Geider & Osborne 1992) . Similar positive relationships between P B max and temperature have been reported previously in a number of field-based studies (e.g. Côté & Platt 1983 , Tillmann et al. 2000 .
It is widely believed that the photosynthetic activity of phytoplankton is determined partly by adaptive responses to changes in the level and duration of exposure of cells to PAR (e.g. Falkowski 1980 , Prézelin & Matlick 1980 , Sakshaug et al. 1997 ). E k (Talling 1957 ) is considered to indicate acclimation or conditioning of phytoplankton cells to available PAR. Sakshaug et al. (1997) suggest that the value of E k should increase with increasing PAR as a result of phytoplankton cells maintaining an optimum balance between light and dark reactions of photosynthesis.
The lack of a statistically significant difference in values of E k observed between the survey periods in the present study (Fig. 2) indicates that photosynthetic activity of the phytoplankton in these coastal waters did not respond markedly to the seasonal changes in incident irradiance commonly observed in temperate northern latitudes. Moreover, variations in E k were not significantly correlated to any of the environmental variables considered (Table 3) and none of these variables were found to contribute significantly to the prediction of E k (Table 4 ). These observations contrast to previous reports of laboratory culture experiments which have identified changes in the P-E characteristics of phytoplankton and their pigmentation in response to changes in the intensity of PAR to which they were exposed (Marra 1980 , Prézelin & Matlick 1980 and the light/dark cycle of exposure to PAR (Gilstad et al. 1993) . Adaptation of the photosynthetic apparatus of phytoplankton and their P-E characteristics has been observed in experiments in which cultures have been exposed to PAR of different intensities sustained over several days (e.g. Prézelin & Matlick 1980 , Garcia & Purdie 1992 . The mixing regime within the water column rarely results in exposure of phytoplankton cells to constant and sustained levels of PAR (Kirk 1994) and may therefore preclude physiological adaptations in the photosynthetic activity or photosynthetic apparatus of phytoplankton in their natural environment. It has been proposed (Uncles & Joint 1982 ) that short vertical mixing timescales combined with high levels of water turbidity lead to conditions in which phytoplankton are exposed to high levels of PAR only for short periods which are insufficient to induce the physiological changes observed in laboratory studies of phytoplankton photoadaption or photoacclimation (e.g. Marra 1980 , Prézelin & Matlick 1980 .
High levels of turbidity in near-shore marine environments considerably reduce the overall exposure of phytoplankton cells to irradiance in well-mixed waters (Uncles & Joint 1982 , Kirk 1994 . In the study area (Fig. 1) , the near-shore coastal waters to the south of Flamborough Head are mixed throughout the year, whilst more northerly regions tend to become thermally stratified from spring through to autumn , Huthnance 1991 , Tett & Mills 1991 . In the present study, the average level of exposure of phytoplankton cells to PAR ranges from 0.3 to 7.8% of surface incident PAR (E 0 ) if mixing of phytoplankton cells through the entire depth of the water column and uniform vertical distribution of light-absorbing particles are assumed. During the summer period in which stratification may occur, the surface mixed layer is commonly less than 10 m and gradually deepens . If it is assumed that exposure of phytoplankton to high levels of PAR near the surface is maximized by water column stratification which restricts vertical mixing to a 10 m surface layer, mean exposure to PAR ranges from 0.8 to 16.5% of E 0 . Mean incident PAR during the spring and summer surveys (April to July 1995) ranged from 825 to 890 µmol photons m -2 s -1 and mean exposure of phytoplankton to PAR is consequently limited to a range of up to ca 150 µmol photons m -2 s -1 if stratification and a 10 m surface mixed water layer are assumed. During winter periods (November to December) the whole study area is well mixed and mean exposure to PAR was consequently only up to ca 30 µmol photons m -2 s -1 under the conditions at the time and place of sample collection. Since the overall mean E k value for the study is 176 µmol photons m -2 s -1 , exposure to light of phytoplankton cells moving randomly within the water column is unlikely to be sufficient for P max to be attained, even when the incident irradiance is high and shallow stratification occurs. Inhibition of photosynthesis due to prolonged exposure to high levels of PAR is even more improbable.
On the basis of this study, it can be concluded that the P-E relationships of natural phytoplankton assemblages in the near-shore UK coastal waters of the North Sea vary little, except when dinoflagellate species account for a large proportion of the total cell carbon. The turbidity of the water in the study area was also found to be an important factor in that the rapid attenuation of light by absorbing particles reduces exposure of phytoplankton to PAR to the extent that there is no evidence of photoadaptation to seasonal changes in the intensity of incident solar radiation.
